The nucleotide sequence of thefruA gene, the terminal gene in the fructose operon of Rhodobacter capsulatus, is reported. This gene codes for the fructose permease (molecular weight, 58,575; 578 aminoacyl residues), the fructose enzyme II (IIH") of the phosphoenolpyruvate-dependent phosphotransferase system. The deduced aminoacyl sequence of the encoded gene product was found to be 55% identical throughout most of its length with the fructose enzyme H of Escherichia coli, with some regions strongly conserved and others weakly conserved. Sequence comparisons revealed that the first 100 aminoacyl residues of both enzymes II were homologous to the second 100 residues, suggesting that an intragenic duplication of about 300 nucleotides had occurred during the evolution of HF, prior to divergence of the E. coli and R. capsulatus genes. The protein contains only two cysteyl residues, and only one of these residues is conserved between the two proteins. This residue is therefore presumed to provide the active-site thiol group which may serve as the phosphorylation site. 1Fru was found to exhibit regions of homology with sequenced enzymes II from other bacteria, including those specific for sucrose, i-glucosides, mannitol, glucose, N-acetylglucosamine, and lactose. The degree of evolutionary divergence differed for different parts of the proteins, with certain transmembrane segments exhibiting high degrees of conservation. The hydrophobic domain of IIFIU was also found to be similar to several uniport and antiport transporters of animals, including the human and mouse insulin-responsive glucose facilitators. These observations suggest that the mechanism of transmembrane transport may be similar for permeases catalyzing group translocation and facilitated diffusion. (10) cloned the fructose (fru) operon from Rhodobacter capsulatus in preparation for sequence analyses. We had maintained that a fructose PTS might have been the primordial PTS and that analysis of the unusual fructose-specific PTS from these photosynthetic bacteria might provide insight into the evolution of the PTS (47, 52).
The integral membrane permeases of the bacterial phosphoenolpyruvate:sugar phosphotransferase system (PTS), also called enzymes II, catalyze the unusual process of group translocation in which transmembrane transport and phosphorylation of the sugar substrates are coupled in a single, concomitant process (43, 48, 49 ; M. H. Saier, Jr., in P. L. Yeagle, ed., The Structure and Function ofBiological Membranes, in press). The genes encoding more than dozen of these permeases have been sequenced, and their deduced aminoacyl sequences have been analyzed in some detail (4, 5, 12, 56) . Sequence comparisons have established that at least several of the PTS permeases are evolutionarily related, but the evolutionary relationships of others have not yet been demonstrable (12, 52, 56) .
Recently, the sequence of the fructose-specific enzyme II (IIFn1) of Escherichia coli was published (44) , as was that of the fructose-specific enzyme III (111Fm) protein of Salmonella typhimurium (21) . The published analyses revealed some homology with other PTS proteins, but anomalies were also noted. Thus, the fructose permease appears to be substantially larger than other sequenced PTS permeases, and unlike most other PTS permeases, a large hydrophilic region of over 200 residues precedes the first presumed transmembrane segment (44) . On the basis of sequence comparisons, the postulated phosphorylation site within the E. coli protein is suggested to be histidyl residue 381 (44) . Species of the genus Rhodobacter (previously designated Rhodopseudomonas) have long been known to possess an unusual, two-component, fructose-specific PTS (47, 51) . The system has been subjected to kinetic and biochemical anal-* Corresponding author.
yses (31) (32) (33) . Recently, Daniels et al. (10) cloned the fructose (fru) operon from Rhodobacter capsulatus in preparation for sequence analyses. We had maintained that a fructose PTS might have been the primordial PTS and that analysis of the unusual fructose-specific PTS from these photosynthetic bacteria might provide insight into the evolution of the PTS (47, 52) .
In this paper, we report the complete nucleotide sequence of the R. capsulatus fruA gene which encodes the fructose enzyme II of the PTS in this organism. We show that the gene encodes a 578-residue protein which exhibits striking sequence identity throughout most of its length with the corresponding E. coli protein. Sequence analyses revealed that the N-terminal 100 amino acids of the primordial protein had been duplicated during its evolution and that it therefore possessed a 100-residue repeat unit at its N terminus. Further sequence analyses revealed that the same must have been true of the E. coli protein, but these two homologous domains in the E. coli IIFni have diverged almost to the point of obscurity. Of further interest was the fact that the histidyl residue in the E. coli IlFru (IIFru), postulated to be the phosphorylation site, was not conserved in the R. capsulatus 1IFru (IIFrCu). A single cysteyl residue was found to be conserved between the two proteins, and consequently this residue is presumed to supply the catalytic thiol group in the enzyme (31) .
Sequence comparisons with other PTS permeases have shown that IIF is homologous throughout its length with some of these permeases and that specific regions of the hydrophobic domain of this protein exhibit a significant degree of sequence identity with most sequenced PTS per- 
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the hydrophobic domain of the R. capsulatus fructose enzyme II shows sequence identity with transport proteins of animal cells (67) . The latter proteins include mammalian insulin-responsive glucose facilitators (20, 26) and the chicken erythroid anion transporter (9 5 -bromo-4-chloro-3-indolyl-,-D-galactopyranoside, and lysozyme were purchased from Boehringer Mannheim. Acrylamide, bisacrylamide, and N,N,N',N'-tetramethylethylenediamine were from Bio-Rad Laboratories, while agarose was from Bethesda Research Laboratories. Deoxynucleotides and dideoxynucleotides were obtained from Pharmacia and P-L Biochemicals, Inc. All other chemicals and enzymes used were of the highest quality available commercially.
GGGCCTGTCCTTCATCACCGAAGGCGCCATTCCCTTTGCCGCGAAAGACCCGGCCCGGGT 1620
CCTCGGGCTTTATGCGCTTTCGATCGTTGTCGGCACGCTGGTGACGACGGGTCTGCTGAT 1800 Fig. 1 , and the stem-loop structure corresponds to the sequence underlined in Fig. 1 (18) . The significance of homology was calculated by using the Los Alamos program (27) . The Fig. 1 and shown in Fig. 2 ). This structure is likely to correspond to a rho-dependent transcriptional termination signal (2) . The fruBKA operon of E. coli terminates with a rho-independent terminator (44) . Only 10 bp separates the transcriptional terminator of the E. colifru operon from the fruA termination codon (44) . Codon usage within the fru operon will be described in a separate publication concerning the fru operon in general.
Amino acid composition of IjFru. IIFru. The relative abundance of the four groups of residues (hydrophobic, semipolar, acidic, and basic) is provided for both proteins.
IlFru compared with those of the E. coli IIFrU (two versus six C's and two versus four W's). Additionally, V, T, and R showed increased frequencies relative to the E. coli protein, while I, M, P, and K showed decreased frequencies. Regardless of the compositional differences, about 56% of the amino acids in both proteins were hydrophobic, 28% were semipolar, 7% were acidic, and 9% were basic. These values are similar to those of other enzymes II of the PTS (55).
Alignment of the fructose enzymes II from R. capsulatus and E. coli. Figure 3 shows the alignment of the R. capsulatus I1Fru (IIFru) with the E. coli IIF,i (IIF, ). IIF, is 578 residues long, whereas II5' is 15 residues shorter. The two proteins show 55% overall sequence identity. However, almost no sequence identity is observed in the first 56 residues of the R. capsulatus protein, corresponding to the first 40 residues of the E. coli protein, and relatively little sequence identity is observed in the first 100 residues of these two proteins. Also, in the C-terminal 20 residues, little sequence identity is observed. Consequently, the percent sequence identity in remaining portions of the two proteins is substantially higher (nearly 70%). Optimal alignment resulted in the generation of only two gaps, a three-residue gap at position 112 of the R. capsulatus protein and a two-residue gap at position 209 of the E. coli protein (Fig. 3) .
Detection of an internal repeat of 100 residues in the two fructose-specific enzymes II. Computer analyses revealed that residues 1 to 100 of IIFr' align with residues 116 to 215 of the same protein with 46% identity. Residues 103 to 202 of IIF' exhibit 40% sequence identity with residues 1 to 100 and 57% identity with residues 116 to 215 of IIFru (Fig 4 and Moreover, residues 41 to 84 of II"U show 25% identity with both segments of II" and 21% identity with residues 103 to 202 of II" in the region of overlap (Table 2) . It therefore appears that the N termini of these proteins arose by internal gene duplication prior to their evolutionary divergence. The conserved cysteyl and histidyl residues in the second repeat domains of the two proteins (discussed below) are not conserved in the first domains.
Connecting the repeated segments of both proteins is a region predicted to serve as a flexible linker. In IIU, the sequence between residues 85 and 105 inclusive included seven A's, four P's, and one G consistent with the composition of an A-P-rich linker (see reference 68 for a discussion of these linkers). Surprisingly, this region contains a direct repeat of the hexa aminoacyl residue sequence, TAPVAA (residues 89 to 94 and residues 95 to 100). This region exhibits sequence identity with a previously identified linker present twice in the multiphosphoryl transfer protein of R. capsulatus (68) . The corresponding region in II'r shows the characteristics of a flexible Q linker (two Q's, two E's, two R's, and two P's) (66) proteins was observed in this region (Fig. 3) . These results suggest that residues 1 to 100 and 116 to 215 in II`J as well as residues 1 to 85 and 103 to 202 in II" form relatively autonomous domains within these two proteins. The second of these repeated domains exhibits striking sequence identity in the two proteins (including conservation of possibly functional cysteyl and histidyl residues), suggesting conservation of structure and function. On the other hand, the first of these repeated domains has clearly diverged more than the second, with residues 1 to 85 of the E. coli protein diverging the most. Residues 1 to 48 of the E. coli protein were computer screened for sequence identity with the protein bank. Only one protein, the Ca2'-transporting ATPase of rat brain (61) (residues 487 to 535), showed appreciable sequence identity with this segment (19.1% identity). The function(s) of the first segment in these two proteins remains obscure. It is interesting to note, however, that both segments of II'E" diverged more than the respective segments in Ilru (19% identity versus 60% identity with the consensus sequence for the segments 1; 64% identity versus 71% identity for the segments 2).
Hydropathy, amphiphilicity, and secondary structural anal- a The alignments of these segments are shown in Fig. 4 .
b Percent identity was calculated as described by Feng and Doolittle (18) .
The Los Alamos comparison scores are given in parentheses in SDs (27 The amphiphilicity plots of these two proteins are shown in Fig. 5B and D. Marked differences between the two proteins are apparent. Thus, regions which when ot-helical possess large hydrophobic moments in one protein do not necessarily exhibit large hydrophobic moments in the other protein.
In the E. coli IIFru, two strongly amphipathic, potentially cx-helical regions precede the first transmembrane segment (residues 188 to 203 and 211 to 228) (54, 55) . We examined the Rhodobacter protein in the homologous region and found that within this region there was low sequence conservation (25% identity compared to 55% overall identity) and that neither the amphipathic character of the two helical regions nor the prolines which separate them were conserved. The presence of a two-residue gap in this region further suggests that structural features, and consequently the function of this region in the E. coli protein, had not been retained in the R. capslulatus protein. These (31) and Pas and Robillard (40) , it is a candidate for the phosphorylation site within this protein. Figure 6 shows the aminoacyl sequences around the cysteyl residues of the two IIFni proteins and compares them with the sequences surrounding essential cysteyl residues in 1IMtl, 11GIc and 11Bgl, as well as those surrounding established or postulated essential cysteyl residues in other enzymes II. Four (Fig. 7 , BglEc) ( Table 3 ). The region encompassed by the sequence depicted in Fig. 7 includes all of the membrane-embedded regions of the fructose permeases, a stretch 323 residues long. Careful scrutiny of the sequence alignments in Fig. 7 reveals that all but one of the fully conserved residues are prolyl, glycyl, alanyl, and hydrophobic residues, and consequently they are likely to be of structural rather than catalytic significance. 7 . Alignment of the entire hydrophobic domains of the two fructose PTS permeases with those of three other PTS permeases, those specific for sucrose (Scr) from S. typhimurium (St) and B. subtilis (Bs) and that specific for ,B-glucosides (Bgl) from E. coli. The alignment was performed by using the progressive multiple alignment program of Feng and Doolittle (18) . Abbreviations are as described in the legend to Fig. 6 . Symbols: *, all five residues at this position are conserved; !, four of the five residues at this position are conserved;^, at least one identity is observed at this position between a fructose enzyme II and one of the other three aligned proteins. residues are conserved is the glutamyl residue (E491 in II`; E479 in IIFru). Recognition of the conservation of this residue facilitated the computer alignment of 12 of the 14 sequenced PTS permeases which establishes a common origin for these proteins.
Evidence for a common ancestry of 12 PTS permeases. Fig. 7 suggesting functional significance. Interestingly, the model of Prior and Kornberg (44) places this glutamyl residue directly in the center of a transmembrane helix.
The statistical analyses of this region are presented in Table 4 . The 12 permease segments fell into five groups of closely related segments (Table 4 , footnote a). Comparison scores for segments of permeases in distinct groups revealed that they are all homologous (Table 4 , footnote a). Particularly significant is the similarity of the three lactose permeases (which are all similar to one another) with the sucrose permease of S. mutans (comparison score of 8.6 standard Fig. 7 as well as the glucose permease of E. coli are compared. Segments analyzed correspond to those which showed the highest comparison score for each of these pairs of proteins. For abbreviations of PTS enzymes II, see legend to Fig. 6. b The Los Alamos comparison scores were determined as described previously (27) . Values are based on the weighted frequencies of identities, conservative substitutions, and gaps.
deviations [SDs] when the S. aureus lactose permease is used in the comparison (Table 4) . No evidence was previously available, suggesting that the lactose enzymes II are evolutionarily related to other sequenced PTS permeases (8) . Our results strongly support a common evolutionary origin for these proteins. These four proteins exhibited significant similarity throughout their hydrophobic domains (data not shown). Since the sucrose permease of S. mutans is clearly homologous to the other sucrose PTS permeases (comparison scores between 15 and 30 standard deviations), this relationship establishes that all 12 permeases are evolutionarily related.
Homology between the bacterial fructose permeases and the human and mouse insulin-responsive glucose facilitators.
When the sequence of the R. capsulatus enzyme II" was screened versus the data base, several proteins were found to exhibit significant identity with it. All of these potentially (27). facilitator are homologous, i.e., derived from a common ancestor. The probability of getting such a score by chance is less than 10'-. The Los Alamos comparison score for IIFru with the mouse glucose transporter was 5.7 SDs (19% identity over a stretch of 166 aminoacyl residues), a value which also suggests common ancestry (P = 10-8) (Table 5) .
Corresponding values obtained when the IIEc' was compared with these two glucose facilitators were 3.6 and 2.9
SDs, respectively (P values of about io-4 and 10-3, respectively), values which are below the level of reliability for establishing homology. However, the obvious relatedness of the two glucose facilitators with each other and of the two fructose PTS permeases with each other clearly suggests that these four proteins are related. The lower values obtained when IIF, was compared suggest that evolutionary divergence had been more rapid in E. coli than in R. capsulatus, a conclusion which agrees with the greater degree of sequence divergence of the N-terminal-repeated domain of IlF' relative to those of IIFru.
Examination of the alignments between the two IIFrI proteins and the two glucose facilitators (67) revealed that all of the aligned residues may play a structural rather than a catalytic role. Thus, five G's, three P's, two A's, seven L's, and one F are conserved among the four proteins.
Of the 21 residues which aligned in these four permeases, 4 also align with the five PTS permeases shown in Fig. 7 . Furthermore, 20 of the 39 residues which show identity between at least one of the bacterial fructose permeases and at least one of the glucose facilitators also show alignment with at least one other PTS permease. These statistics suggest that residues which are conserved between the fructose PTS permeases and the glucose facilitators also tend to be conserved among the PTS permeases. This observation supports the conclusion that these residues serve an important structural role in these transmembrane proteins and that they all may share secondary and tertiary structural features.
Low but possibly significant alignment was observed between the fructose enzymes II and both the chicken erythroid anion transporter (9) and the glycerol phosphate permease (glpT gene product) of E. coli (13) (23.7% identity over a 131-residue stretch with six gaps, and 22.2% identity over a 99-residue stretch with three gaps, respectively). The comparison scores were too low to establish homology. (23, 45, 64) . Additionally, enzymes II can be specifically mutated so that they lose the capacity to phosphorylate their sugar substrates but retain the capacity to transport them across the membrane (39, 42, 60) or vice versa (35) . Recent studies have convincingly demonstrated that for the mannitol-specific enzyme II of E. coli, the energy coupling moieties of the permease, which are themselves phosphorylated, are the hydrophilic domains localized to the cytoplasmic side of the membrane while the integral membrane hydrophobic domains bear the sugar binding site (22) . The (24, 25, 34, 38, 49, 50, 65) . We here suggest that this large group of related transport proteins apparently includes the group translocating PTS permeases. Moreover, in a recent report we showed that the pore-forming glycerol facilitator of E. coli shares a common ancestry with several proteins of higher organisms which probably possess transport functions (1) . These pore-type permeases share structural features with the carrier-type facilitators (1) . It is therefore possible that the many pore-type and carrier-type transporters found throughout the living world are derived from one or a few pore-forming, transmembrane, primordial proteins.
DISCUSSION
Sequencing of the R. capsulatus fructose permease and sequence comparisons led to important mechanistic advances related specifically to energy coupling. Thus, the proposed phosphorylation site in the E. coli fructose enzyme 11 (44) The present study emphasizes the universality of fundamental biological principles and serves to suggest rational avenues of scientific investigation. It is becoming increasingly clear that basic molecular mechanisms operative in one organism are applicable to distantly related organisms. These studies thus provide further evidence for the theorem that "the basic life-endowing molecular processes had to exist prior to extensive evolutionary divergence" (53) .
